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Although it is generally considered a "soft" drying process, because of the low operating temperatures, the heat transfer to the product has to be carefully controlled in order to avoid product overheating. If fact, product temperature has to be maintained below a limit value to avoid the occurrence of undesired events. In case of products that crystallize during freezing, the limit temperature corresponds to the eutectic point: the goal is to avoid the formation of a liquid phase and the successive boiling due to the low pressure. In case the product remains amorphous during freezing, the maximum allowed product temperature is close to the glass transition temperature in order to avoid the collapse of the dried cake: this value can be very low, and is also dependent on the residual moisture. The occurrence of collapse can increase the residual water content in the final product and the reconstitution time, beside decreasing the activity of the pharmaceutical principle; moreover, a collapsed product is often rejected because of the unattractive physical appearance (Pikal & Shah, 1990; Wang, 2000; Rambhatla et al., 2005; Sadikoglu et al., 2006) . Beside product temperature, also the residual amount of ice in the product has to be carefully controlled during primary drying, thus identifying the ending point of this phase. In fact, if shelf temperature is increased too early to the value required by the last phase of the cycle, product temperature may exceed the maximum allowed value, thus causing melting or collapse. Also in this case heat transfer to the product plays a key role as, at steady-state, the following equation holds:
where J q is the heat flux to the product, J w is the solvent flux from the product to the chamber, and ΔH s is the heat of sublimation. In this chapter, thus, we will focus on heat transfer in vial, as well as bulk, freeze-drying as it is one of the key factor affecting product dynamics and temperature. In particular, the results previously presented by Pikal (2000) for vial freeze-drying are here extended. The techniques allowing to calculate the heat transfer parameters, or to estimate their values by means of experiments, will be briefly reviewed. We will point out that the heat flux between the heating shelf and the container is the result of several mechanisms that depend on dryer and container geometry, as well as on pressure and temperature of the surrounding gas. Moreover the heat flux to the batch of vials is far from being uniform in a freeze-dryer: the implications on recipe design and scale-up will be finally addressed.
Theoretical calculation of heat flux in vial freeze-drying
The heat flux to the product is proportional to the difference between the heating fluid temperature (T fluid ) and the product temperature at the vial bottom (T B ):
where K v is the heat transfer coefficient. It has to be highlighted that in eq. (2) it has been assumed that product temperature is uniform i n t h e r a d i a l d i r e c t i o n , a s i t h a s b e e n demonstrated by means of mathematical simulation and experimental investigations (Pikal, 1985; Sheehan & Liapis, 1998) . Various equations can be found in the literature to calculate the heat exchange coefficient K v in case the vial is placed directly over the shelf, i.e. if no tray is used. These relationships are still valid in case the solution is directly poured in a tray.
Firstly, the heat transfer coefficient between the heating shelf and the bottom of the vial (K v ′) is calculated as the sum of three terms: ' vcrg KKKK =++
corresponding to the various heat transfer mechanisms between the fluid and the vial bottom, namely the direct conduction from the shelf to the glass at the points of contact (K c ), the radiation (K r ), and the conduction through the gas (K g ). In this study, we assume that all these contributions can be referred to the same heat transfer area. According to Smoluchowski theory, as outlined by Dushman & Lafferty (1962) and reported by Pikal et al. (1984) , K g is a function of the average distance between the bottom of the vial and the shelf (ℓ) and of chamber pressure:
The parameter α is a function of the energy accommodation coefficient and of the absolute temperature of the gas:
When other gases, beside water vapour, are present in the drying chamber (e.g. nitrogen entering the chamber when controlled leakage is used to regulate the pressure), eqs. (4) and (5) have to be modified to take into account gas composition, as total pressure is due to the sum of the contribution of water and nitrogen partial pressures (Brülls & Rasmuson, 2002) . It has to be remarked that the bottom of the vial is not flat, and the curvature depends on the type of vial: thus, the value of K g is a function of the type of vial considered. Beside conduction in the gas, there are two radiative heat fluxes towards the product, one from the shelf upon which the vials rest, and the other from the top. Each flux is proportional to the difference in the fourth powers of the absolute temperatures of the two surfaces, and to the effective emissivity for the heat exchange, which depends on the relative areas of the two surfaces, their emissivities, and a geometrical view factor. According to Pikal et al. (1984) the radiative heat transfer coefficient can be written as:
While the values of Λ 0 , λ 0 , and e s can be found in the literature, the values of the parameters K c , a c , ℓ, and e v (in case radiation from upper shelf plays an important role), have to be determined by regression analysis of experimental data, even if some values can be found in the literature for some types of vials (Pikal et al., 1984) . It follows that K v ′ depends essentially on the operating conditions at which drying is carried out: chamber pressure, shelf temperature and, in turn, temperature of chamber gas. However, according to literature (Hottot et al., 2005) and to the results shown in the following, the dependence of K v ′ on chamber gas temperature is not relevant. On the contrary, the heat transfer between the shelf and the container significantly varies with chamber pressure, and this dependence can be well described by a nonlinear equation with the following structure:
www.intechopen.com 
At this point, ' v K can be calculated, whichever are the processing conditions, provided that a c , K c and ℓ (and thus C 1 , C 2 and C 3 ) are known. If vials are loaded on a tray, the shelf-vial system can be described as a set of resistors in series, whose total resistance is the sum of their individual resistances. It follows that the resistance for the mentioned system can be expressed as the sum of the resistance due to tray thickness, as well as to the shelf-tray and tray-vial heat transfers that can be both described by equations similar to eq. (7). Provided that the heat transfer between shelf and tray ( ' ,1 v K ), and from tray to vials ( ' ,2 v K ), can be described by the same equations, we can define ' v K as an effective heat transfer coefficient that accounts for both contributions:
It is worth noticing that, as a consequence of this assumption, the value of the global coefficients of eq. (7) (i.e. C 1 , C 2 and C 3 ) , a s d e t e r m i n e d b y a regression analysis of experimental observations, are effective values that take into account both the heat transfer between shelf and tray and tray and vials. The coefficient * v K (from the shelf surface to product bottom) can be calculated by taking into account the conduction in the glass at the bottom of the vial, as well as through the tray (if it is used):
In addition, if the considered driving force for the heat transfer is the temperature difference between the heating fluid and the product, we have also to include the resistance to heat transfer through shelf (1/k s ). Therefore, eq. (10) has to be substituted by:
Finally, it has to be remarked that the product in the vial can receive heat from the walls of the container, as well as from chamber walls, due to radiation. Both contributions do not appear explicitly in eq. (2), but the coefficient K v can be regarded as an effective heat transfer coefficient, weighing up these additional heat fluxes . However, as it will be discussed in the following sections, it is worth remarking that the contribution of radiative heat to the total energy balance of the vial can vary with its position over the shelf. This phenomenon, together with the presence of fluid temperature gradients along the shelf, is responsible for lot unevenness.
Experimental methods for K v measurement
Various methods have been proposed in the past to determine the value of the coefficient K v (or that of ' v K ). They are briefly reviewed in the following. A very simple test that allows determining the coefficient K v consists of preparing a batch of vials filled with the product, a placebo, or simply water and, then, to carry out the primary drying for a time interval (∆t) and to measure the weight loss (∆m) and the temperature of the ice at the vial bottom (T B ). The coefficient K v is given by:
As the heat transfer coefficient is a function of chamber pressure, at least three measurements at three different values of P c are required to calculate the global coefficients of eq. (7). During the drying, the temperature of the heating fluid can vary along the shelf as the heat is transferred from the technical fluid to the p r o d u c t . H o w e v e r , i t m u s t b e s a i d t h a t generally the inlet-outlet fluid temperature difference observed under full-load conditions is small (typically lower than 1 K) and of the same order of magnitude of temperature sensor uncertainty. A similar behaviour has been observed in all the experiments whose results are reported in this chapter. It follows that it is not necessary to take into account explicitly the fluid temperature gradient along the shelf in the calculation of K v , as its effect can be included in the uncertainty of the parameter. On the other hands, the value of the coefficient K v is not the same for all the vials of the lot, as a consequence of the different contributions of the various heat transfer mechanisms: as an example, the vials at the edges of the shelf receive also radiant heat from the chamber walls, while the vials located in the central part of the batch are heated only from the heating fluid (Pikal, 2000; Rambhatla & Pikal, 2003; Gan et al., 2005a Gan et al., , 2005b . As a consequence, a different evolution of product temperature can be observed in vials located in various positions of the batch. Therefore, to estimate accurately K v for each class of vials, product temperature has to be monitored, and thus thermocouples must be inserted both in vials placed in the core and at the edge of the lot. According to their position over the shelf, the vials of a lot can be classified in various groups depending on the different heat transfer mechanisms involved. In particular, in case vials are confined by a metal or plastic band, we can generally identify five zones (see Figure  1 ), which are characterized by different heat transfer mechanisms, as reported in Table 1 . A further refinement might be introduced to distinguish edge vials that are exposed to different walls of the drying chamber. This is particularly true for laboratory scale equipment, where the dryer door is not made of steel (like the other chamber walls), but of Plexiglas. Since the two materials have a significantly different value of emissivity (0.36 vs. 0.95), vials close to the door may show a higher value of K v with respect to the rest of the lot www.intechopen.com
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96 (Rambhatla & Pikal, 2003) . On the contrary, in a manufacturing plant, the dryer door is usually made of steel and, thus, edge vials are less uneven. Nevertheless, it must be said that in a large scale equipment only a limited fraction of vials are radiated, while in a laboratory dryer (where the fraction of edge vials is much greater) the contribution of the radiative heat can be strongly reduced by a proper shielding. These differences, however, must be taken into account during scale-up of a recipe from laboratory to industrial scale dryers. Table 1 . Characteristics of the various vial families with respect to the position on the shelf and the mechanisms of heat transfer involved It must be remarked that the gravimetric measurement is the only method that gives a detailed picture of single vial behaviour and of intervial variability, thus allowing to identify the various vial families. A heat flux transducer can also be used for monitoring the dynamics of the single vials composing the lot (Chen et al., 2008) , but its use implies that the monitored vials are loaded on the sensor surface altering de facto the heating conditions. Equation (12) can be still used when the sublimation flux (i.e.
) is obtained by other means, for example using the Tunable Diode Laser Absorption Spectroscopy (TDLAS) or the pressure rise test technique. The Doppler-shifted near-infrared absorption spectroscopy is used for measuring the water vapour concentration and gas flow velocity in the duct (that connects drying and condenser chamber). At this point, these variables can be used, known the cross-sectional area of the duct, to estimate the vapour flow rate (Kessler et al., 2006; Gieseler et al., 2007) . It must be remarked that TDLAS does not measure directly the mass flow, but only the gas flow velocity in a limited number of points; therefore, the reliability of the vapour flow rate estimation depends on how well the velocity profile is known. This is a critical issue, since the velocity profile continuously develops in the duct, tightly depends on processing conditions, can be strongly modified by the presence of Clean In Place systems, and even at the duct exit is usually far from the parabolic profile corresponding to fully developed flow. Other drawbacks of this technique are the high investment costs, the difficult to retrofit existing units, and the difficulties in its calibration. To measure the vapour flow rate (and hence the heat transfer coefficient), an alternative solution, that can be easily implemented also in existing devices, is the pressure rise test technique: the valve in the duct connecting the drying chamber to the condenser is closed for a short time interval, and, thus, pressure in the chamber increases due to vapour accumulation. Once the pressure rise curve has been acquired, the vapour flow rate (J w ) can be calculated by simply evaluating its slope at the beginning of the test (Fissore et al., 2011a) :
This measure of J w is reliable as it is based on the direct measurement of the effect of the sublimation flow, the pressure increase, described by a simple physical law. Unlike TDLAS, the pressure rise technique can be used in both laboratory and industrial scale dryers, provided that drying and ice condenser chamber are separated, without any modifications of existing units. Figure 2 shows an example of pressure rise curves measured (at various time during the primary drying phase) in a laboratory and in an industrial scale dryer. These results were obtained during the drying of a 5% by weight mannitol solution. As stated before, the vapour flow rate is related to the slope of the pressure profile, which, as expected, decreases as the drying proceeds. To calculate K v from the vapour flow rate, the product temperature at the container bottom has to be measured, for example, inserting thermocouples in some vials. For this purpose, the use of wireless technology is promising (Corbellini et al., 2010; Schneid & Gieseler, 2008) as it is compatible with the restrictions of industrial equipment that typically uses automatic loading systems.
The pressure rise curve can be also described by a mathematical model, whose parameters (e.g. product temperature at the beginning of the test, and K v ) are retrieved by looking for the best fit between measured and calculated values of chamber pressure (Milton et al., 1997; Chouvenc et al., 2004; Tang et al., 2006; . The optimal selection of sampling frequency and duration of the test has been discussed by Fissore et al. (2011a) , who also proposed a modification of the Dynamic Parameters Estimation algorithm to cope with the problem of ill-conditioning. It must be said that while the estimation of J w from the slope of the pressure rise curve can be also carried out with pure ice, the previous algorithms (which take advantage of a model) require that a product, which gives a mass flow resistance, is used. In addition, unlike previous techniques, the pressure rise, coupled with one of the above cited algorithms, does not require an independent measurement of product temperature. It is worth noticing that the gravimetric measurement is the only method that allows to determine the distribution of the values of K v in the lot, while both the TDLAS sensor and the pressure rise test based methods allow to determine only a mean value of K v for the batch. Nevertheless, it must be said that the fraction of edge-vials, and hence its contribution to the mean value of K v , is becoming less and less important as the size of the dryer becomes larger.
In addition, it must be remarked that the above mentioned methods, differently from the gravimetric test, allow to get an estimation of K v vs. P c , even in only one run (Kuu et al., 2009; Pisano et al., 2010) if chamber pressure is properly varied during the test (e.g. as a multi-step constant function), without requiring an excessive effort from the users. Furthermore, these methods allow getting an estimation of K v whichever is the scale of the equipment. In particular, this eases the problem of K v measurement for industrial scale apparatus (as well as of process transfer) where the gravimetric procedure cannot be used since the intervention of the user is limited. Therefore, following on from what stated above, the use of global methods is strongly suggested for large scale apparatus.
Heat transfer in bulk and vials freeze-drying
In the following the influence of processing conditions, vial and tray characteristics and equipment size will be discussed in detail, presenting a selected set of original experiments planned by the authors to highlight the previous aspects. In particular, experiments were carried out using both tubing vials (whose characteristics are reported in Table 2 ) and trays made of stainless steel or polystyrene. In case of freezedrying in vials, it was also investigated the effect of various loading configurations (e.g. comparing the value of K v for vials processed directly over the heating shelf or in trays), as well as of different pieces of equipment, not only on the mean value of K v , but also on intervial variability. With this respect, the gravimetric measurement is the only method that allows to get a complete description of the heat transfer in the lot. However, results obtained by the pressure rise test technique will be also presented, confirming the capacity of this method to get a quick and reliable estimation of the parameter of interest, not only in a laboratory equipment (LyoBeta 25 TM by Telstar, Terrassa, Spain), but also in an industrial scale dryer where gravimetric experiments cannot be easily carried out. Previous results had already shown this, evidencing at the same time that inaccuracies of the PRT model can affect its reliability (Tang et al., 2006) . Figure 3 (left-side graph) displays the value of K v vs. P c measured by gravimetric way for a lot of vials (type V 1 ), which was directly loaded on the heating shelf and surrounded by a metal band. Vials placed in the central part of the shelf, i.e. those far from the edges where the effect of radiative heat coming from chamber walls can be relevant, are considered. According to Brülls & Rasmuson (2002) and Hottot et al. (2005) , K v increases with P c , because of a higher heat conduction through the gas trapped between the tray and glass vial bottom.
In Figure 3 (left-side graph), it can be also observed a fairly good agreement between the value of K v vs. P c as measured by the pressure rise test technique (coupled with a modified version of Dynamic Parameters Estimation algorithm, DPE + ) and by gravimetric way. The values of K v vs. P c predicted by the mathematical model described in section §2 is also displayed. The model parameters a c , K c and ℓ and, thus, the global coefficients C 1 , C 2 and C 3 (that describe the pressure dependence of K v for vials V 1 ) were obtained by a non-linear regression of experimental data. The results so obtained are summarized in Table 3 . Fig. 3 . Effect of chamber pressure on the value of K v for the vial V 1 (left-side graph) and a stainless steel tray (right-side graph) processed in the laboratory freeze-dryer. The values calculated using the theoretical model, and the parameters of Table 3 , are also displayed (solid line) together with the value estimated by pressure rise test technique ( ) In addition, it must be noticed that there is a large variance of K v , which cannot be explained by the only observational error in the experiment, but is related to the heterogeneity of the lot. This is confirmed by the contour plot of Figure 4 , where it can be observed that, because of side radiation and heat conduction though the metal frame, vials at the edge of the batch www.intechopen.com
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have a higher value of K v than those placed in the core. In particular, as already observed by Pisano at al. (2008) , these additional contributions increase only the sublimation rate of vials placed just next to the additional heat sources, while their effect is reduced after the first row. However, this issue will be better discussed in the following section. Let's now focus on the temperature influence (of the gas trapped in the gap at the container bottom) on the value of K v . In this study, as the gas temperature reasonably varies from the product temperature at the interface and T fluid , it can be approximated to their mean. Figure  5 compares the heat transfer coefficient as measured at two different temperatures of the heating fluid, and thus of the chamber gas temperature, while the pressure inside the drying chamber is kept constant. It can be observed that a significant variation in the fluid temperature produces a modification of K v that is of the same order of magnitude of the parameter uncertainty. This confirms that the dependence on gas temperature of K v is not significant or, however, is very limited compared with the role of chamber pressure in the heat transfer. Fig. 4 . Contour plot of the heat transfer coefficient for vials V 1 (loaded directly over the heating shelf) as measured over a lot. The primary drying phase was run at T fluid =263 K and P c =5 Pa. Results refer to a half of the batch Fig. 5 . Effect of T fluid , and in turn of chamber gas temperature, on the value of K v for the vial V 2 processed in the laboratory freeze-dryer. Both measurements were carried out at P c =10 Pa, while the fluid temperature was set to: ( ) T fluid =275 K; ( ) T fluid =253 K Figure 3 (right-side graph) displays the value of K v vs. P c in case the process is carried out in trays. It can be observed that, similarly to what has been already shown for vials V 1 , the heat transfer coefficient is strongly influenced by the total chamber pressure. However, the value of K v for trays is significantly lower than that of vials. This is probably due a bad contact between the tray bottom and the heating plate, as the resistance to heat transfer of the stainless steel tray is negligible. In addition, as already observed by Bruttini et al. (1991) for bulk freeze-drying of a solution of cloxacillin monosodium salt, it is confirmed that, for freeze-drying in trays, the heat is mostly transferred by the conduction through the thin layer of gas that separates shelf and tray surfaces. In case of bulk freeze-drying, wherein the solution is poured in a metal tray, the heat transfer between the heating fluid and the product can be still calculated as the sum of the three terms of Equation (3). Therefore, the same mathematical model used for vials freezedrying is here used to determine (via non-linear regression of experimental data) the optimal combination of a c , K c and ℓ that describes the pressure dependence of K v for trays. The results so obtained are reported in Table 3 .
Non uniformity of the lot
In the previous section it has been observed that the value of K v significantly varies with the position of the vial in the lot, see Figure 4 . Therefore, following on from what stated in section §3 (see Figure 1) , the lot of vials has been divided in five zones, which are characterized by different heat transfer mechanisms. The criteria chosen to identify the various zones are summarized in Table 1 . As previously discussed, a further refinement might be introduced to distinguish vials radiated by different walls of the chamber, but it has not been considered here: the correctness of this approach is confirmed by the more detailed statistical analysis that is presented in the following. Figure 6 compares the value of K v vs. P c for the various groups of vials identified in Table 1 . Vials A were not considered in the analysis as only four samples can be monitored in each test and, hence, the results are not statistically relevant. As it can be expected, the heat transfer coefficient of edge-vials (i.e. vials B and C) is much higher than that of vials placed in the core of the lot (i.e. vials D and E). In fact, according to Table 1 , these vials receive an additional contribution of heat due to radiant energy coming from chamber walls and tray band, as well as, in case of vials B, the contribution due to conduction along the tray band. . To obtain the model parameters of the other three groups of vials, we assume that a c and ℓ, and thus C 2 and C 3 , are known, and equal to those determined for vials E. This assumption is reasonable, since these parameters depend on the container and not on the surrounding environment. On the contrary, K c , and thus C 1 , is optimized to get the best fitting between model predictions and experimental observations. Table 3 summarizes the value of global parameters C 1 , C 2 and C 3 for the four groups of vials (V 1 type). Concerning the uncertainty on the parameter K v , it must be said that a c and ℓ, thus C 2 and C 3 that define the pressure dependence of K v , can be estimated, even if with some difficulties. On the contrary, it is almost impossible to estimate C 1 as it is affected by the contact between the shelf surface and the bottom of the container, as well as the view factors for the radiative heat. Furthermore, the effect on the final value of K v due to the uncertainty on C 2 and C 3 (e.g. deriving from a different geometry of the container bottom) is less important than that due to the variability associated to transport phenomena involved in C 1 . For all these reasons, we assume that the only responsible for the uncertainty on K v is the parameter C 1 . Nevertheless, it is worth noticing that the uncertainty, or variability, on a c and ℓ (and thus on C 2 and C 3 ) is implicitly included in the uncertainty on the parameter C 1 , even if it is not directly expressed. At this point, once the value of C 2 and C 3 is known, eq. (7) can be used for retrieving the coefficient C 1 of each vial of the lot (under investigation) from the value of K v that has been previously measured for vials V 1 . Figure 7 displays the distribution of C 1 (of vials V 1 ) for the entire lot (graph a), as well as for the various families of vials of Table 1 (graphs b-e). It can be observed that the various groups of vials are characterized by a significantly different mean value of C 1 and, as it can be expected, edge-vials have a much higher C 1 than that of vials placed in the core of the batch. Table 3 In Figure 7 (graph a), the width of the C 1 distribution for the entire lot is so high that cannot be explained by the only observational error in the experiments but, as already discussed above, is due to the lot unevenness. Thus, the set of data has been divided in the four subsets previously identified and the distribution curve has been recalculated for each group of vials (see graphs b-e). The correctness of this approach is confirmed by the fact that the resulting curves can be well described by Gaussian distributions (that are typically used for describing the observational error in an experiment) and their width is significantly reduced. It can be noticed that the variance of C 1 for vials B is still relevant (even if much smaller than that of the entire lot), but it is now difficult to discern the contribution due to the intrinsic variability of the object of measurement from the uncertainty of the method.
Role of the vials geometry and material
Following on from what stated in section §2, the shape of the container bottom significantly affects the value of K v , as well as its dependence on chamber pressure. To better investigate this aspect, the heat transfer coefficient of two different types of vials (i.e. V 1 and V 2 ), which have a similar geometry (in terms of external diameter and side-wall thickness), but a different shape of the bottom, are compared. The values of K v vs. P c for the two types of containers, and in case they are directly loaded on the heating shelf and processed in the same equipment, are displayed in Figure 8 . To discern the contributions due to the characteristics of the vial from those of the environment, the analysis is limited to only those vials that are placed in the centre of the lot. It can be noticed that the two containers have a similar value of C 1 even if vials V 2 have a thicker vial bottom wall. In particular, as the containers have a similar geometry and the contact between the container bottom and the shelf plate tightly depends on the characteristics of the vial surface, this implies that, in this case, the heat conduction (at the points of contact between the container bottom and the shelf surface) and the radiative heat coming from the heating plate give a similar contribution to the energy balance. On the contrary, it can be observed a significantly different pressure dependence of K v . This is due to a different contribution of the heat conduction through the gas trapped at the container bottom to the total energy balance of the vial. According to manufacturer specifications, the maximum value of the gap thickness is greater in vials V 1 (ℓ max =4.0x10 -4 m) and this seems to be in disagreement with experimental results of Figure 8 . Nevertheless, it must be said that the heat conduction through the gas is a function of the volume of the gas gap, which depends not only on ℓ max , but also on the shape of the vial bottom. In particular, the visual inspection of the two systems confirms that vials V 1 , despite a higher value of ℓ max , are characterized by a flatter gap at the bottom. As a consequence, the heat transfer resistance due to the gas gap is lower in vials V 1 , which show a marked pressure dependence of K v . As further confirmation of the previous evidences, the effective value of ℓ, as obtained by a non-linear regression of experimental data, of vials V 1 (ℓ =2.0x10 -4 m) is smaller than that of vials V 2 (ℓ =3.1x10 -4 m). A final comment concerns the effect of container treatments (e.g. a silane coating of the internal vial walls) on the value of K v . Figure 9 compares the overall heat transfer coefficient of vials V 2 in case they underwent a silane coating treatment or not. It can be noticed that pre-treated vials show a lower value of K v and this reduction is of the same order of magnitude for all the four group of vials, thus the coating does not alter the contribution of the radiative heat to the total energy balance of the vial, but probably only the conduction through the vial side-wall. Fig. 9 . Heat transfer coefficient of the four groups of vials (V 2 type) in case they underwent a silane coating treatment (void bars) or not (filled bar). The lot of vials is loaded on the heating shelf and enclosed by an external metal band. The measurement was carried out at P c =10 Pa
Role of the configuration used for containers loading
In this section, we compare the value of K v , as well as the heterogeneity of the lot, in case various configurations are used for loading the product into the drying chamber; in particular, the following configurations have been investigated: • Vials are directly loaded on the heating shelf and enclosed by a metal frame; • Vials are directly loaded on the heating shelf, but not surrounded by a frame; • Vials are loaded on a metal tray. Figure 10 compares the heat transfer coefficient of vials in case they are enclosed by a metal frame or not (the comparison is carried out for vials V 2 ). In particular, the use of a metal frame can have a different effect on the heat transfer coefficient of the various groups of vials. For example, the mean value of K v for vials E is not significantly modified by the presence of the surrounding band, while edge-vials (both vials B and C) show a much higher value of K v in case no metal frame is used. In fact, this frame acts as thermal shield since it reduces the radiative heat coming from chamber walls, which are warmer than the metal frame. The metal band also minimizes the unevenness of edge vials, as they are not anymore exposed to surfaces with different characteristics and temperature. Nevertheless, it m u s t b e s a i d t h a t e d g e -v i a l s c o n t i n u e t o r e c e i v e a n a d d i t i o n a l h e a t f l o w ( d u e t o t h e conduction between the vial side-wall and the metal band at the points of contact), but this has a minor effect with respect to chamber walls radiation. All these effects tightly depend upon the type of frame used, as well as the geometry of the drying chamber; hence, it is fundamental to take into account such phenomena during process transfer from one unit to another one, mainly if the loading configuration is modified. Fig. 10 . Heat transfer coefficient (at P c =10 Pa) of the four groups of vials (V 2 type, silane treated) in case of two different loading configurations: (void bars) the lot of vials is loaded on the heating shelf; (filled bar) the lot of vials is loaded on the heating shelf and enclosed by an external metal band Figure 11 , instead, compares the value of K v in case vials are loaded on a metal tray or directly loaded on the heating shelf; the comparison was carried out for vials V 3 . It can be noticed that if on one side the use of a tray introduces an additional resistance to the heat transfer, on the other side it allows to get a more uniform distribution of the heat over the lot (in Figure 11 , the error bar is much smaller in case vials are loaded on a tray), as well as a strong reduction of the value of K v for edge-vials due to the presence of the tray band. This strongly reduces the difference of K v between vials D and E, as those vials that are located on the second row of the lot are now in contact with vials that are less warm and, thus, receive a smaller amount of heat from edge-vials. Figure 12 (a) compares the value of K v for vials loaded on the heating plate or in trays made of different materials, i.e. stainless steel or polystyrene. Even in this case we can observe a strong reduction of K v when vials are loaded on a tray. In particular, the value of K v of central vials (both group D and E) is not modified by the type of tray used; in fact, the observed variations are of the same order of magnitude of the error bar. On the contrary, K v of edge-vials significantly changes with the type of tray used. This can be explained by a different heat transfer between the tray band and the container side-walls, which, for example, can be due to a different emissivity of the tray material. Figure 12 (b) compares the heat transfer coefficient of vials processed in laboratory and manufacturing equipment. Results refer to vials loaded on a plastic tray and in case the drying is carried out at P c =10 Pa. It can be observed that the value of K v of vials located in the central part of the lot is not significantly modified, whereas edge-vials processed in the laboratory freeze-dryer have a higher value of K v than that observed in the large scale freeze-dryer. This is due to a different contribution of the radiative heat (that, for example, can be caused by a different geometry of the drying chamber) and has to be taken into account when we have to transfer a process from one unit to another one, as well as during scale-up operations, as the fraction of edge-vials into the lot varies with the scale of the equipment. For the two pieces of equipment investigated in this study, central vials have almost the same value of K v , but, in general, it can happen to observe significant differences. In fact, even if the value of ℓ is independent of the equipment used, the parameters a c and K c can be affected by the characteristics of the shelf surface. Thus, once the value of ℓ has been determined for the laboratory freeze-dryer (using the procedure described in section §2), and assuming that a c does not change, we can calculate the effective value of K c for the four groups of vials in case they are processed in the industrial freeze-dryer. It follows that the global coefficients C 2 and C 3 , which describe the pressure dependence of K v , are the same for both pieces of equipment, while the parameter C 1 of peripheral vials is slightly different (as it depends on the vial-tray and shelf-tray contact, and on radiation effect). The knowledge of the pressure dependence of K v in the two pieces of equipment is fundamental to make decisions during the phase of scale-up of a recipe obtained in a laboratory scale equipment to an industrial scale freeze-dryer.
Role of the equipment size
Conclusion
Following on from what stated in the introduction, the heat transfer to the product has to be carefully controlled in order to avoid product overheating. This result can be obtained inline, using a control system (Pisano et al., 2010 (Pisano et al., , 2011 , or building off-line the design space, i.e. identifying the set of operating conditions (heating fluid temperature and chamber pressure) that allows preserving product quality. Recently, the use of mathematical modelling, coupled with few experiments to determine model parameters (e.g. the value of K v vs. P c ), has been proposed to get the design space quickly, taking also into account the effect of parameters uncertainty and/or variability (Giordano et al., 2011) . Due to batch non-uniformity, vials have to be divided in various subsets (as shown above), which are characterized by the same value of K v , and the design space (that is strongly dependent on the value of K v ) has to be built for each group (Fissore et al., 2011b) . Of course, since the design space of edge-vials is more contracted than that of vials placed in the core, processing conditions has to be chosen according to the design space of those vials that can be more easily damaged by product overheating (i.e. vials B). The recipe so designed allows preserving product quality of the entire lot, but the resulting drying time might be quite long. Therefore, as edge-vials are a small fraction of the lot, it might be worth referring to central vials to reduce the duration of the process. Of course, this is advantageous only if the energy saving deriving from a shorter drying time compensate the loss due to product waste (that derives from the fact that edge vials did not meet product quality criteria). It must be remarked that whichever is the tool used to control the process, the resulting recipe is strongly dependent on the value of K v , which can vary with operating conditions, type of container, equipment and configuration used for loading the product. The experimental investigation carried out in this study has evidenced a strong dependence of the heat transfer coefficient on processing conditions used for the drying. In particular, it has been proved that while the gas temperature has a minor effect on the value of K v , the role of chamber pressure cannot be neglected. To be used by the model at the basis of the various tools recently developed for the recipe design, the pressure dependence of K v has been described by a mathematical model, whose parameters have been obtained, for various types of container (both glass vials and trays), by regression analysis of experimental data. In addition, the heat transfer of glass vials has been measured in case of various loading configurations. It has been shown that, as expected, the introduction of a tray significantly reduces the value of the heat transfer coefficient of the entire lot and, in particular, a more marked reduction was observed for edge-vials. On the contrary, in case vials are directly loaded on the shelf, but surrounded by a metal frame, the value of K v of central vials is not modified, while that of edge vials is strongly reduced. This is due to the contribution of the tray band, which acts as thermal shield for the radiative heat coming from chamber walls. Therefore, it must be remarked that, during the phase of process development, the user has to take into account that the pressure dependence of K v does not depend only on the type of vials, but also on the configuration used for loading the product into the drying chamber. In general, the gravimetric procedure gives the best accuracy and robustness, even if it is more time demanding with respect to other global methods available. However, the use of the pressure rise test technique is strongly suggested in case of industrial apparatus, where the gravimetric procedure is not practicable as the intervention of the user (to place temperature sensors over the lot of vials) is limited. Therefore, it has been shown that the pressure rise test technique (and in particular the latest developments like the DPE + algorithm) can be effectively used for measuring the value of K v , whichever is the scale of the equipment, without requiring an excessive effort from the users. In addition, an estimation of the mean value of K v is more than enough for an effective description of the heat transfer of the lot, as the effect of batch non-uniformity in a manufacturing process is less marked. A further advantage of the pressure rise test technique is that, with respect to other global methods like TDLAS, it requires no modifications of the equipment and its hardware. A final comment concerns the problem of scale-up, or process transfer, of a recipe from one unit to another one. It has been proved that the heat transfer coefficient of a specific container can varies significantly (mainly for edge vials) with the type of equipment used, even if the same loading configuration is used. Therefore, if this difference is relevant, the recipe, which is usually developed in laboratory and has to be transferred on manufacturing equipment, should be adapted to take into account the different heat transfer of the containers.
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